Introduction
Mammalian living cells migrate in specific directions following physiological and pathological cues to develop colonies with other cells, as required for tissue regeneration in wound healing, 1 angiogenesis, 2 cancer metastasis, 3 and even embryonic development. 4 Cell migration is closely related to two important cytoplasmic protrusions, namely lamellipodia 5 and filopodia. 6 These protrusions are interrelated. If a cell recognizes an area that is sufficiently wide for adhesion, then the cell begins to spread and move using its lamellipodia. 7 It has been reported that specific nanoscale surface patterns may affect cell motility, because cells recognize physical surface features. 8 Various technologies have been introduced for the fabrication of nanoscale patterns, 9 including carbon or TiO2 nanotubes, 10,11 soft lithography, 12 and e-beam lithography. 13 When growing over nanoscale patterns fabricated by those methods, cells showed interesting features such as rearrangement of chromatin inside the nucleus, 14 variation in gene regulation, and even apoptosis. 15 Our main interest has been the study of cytoskeletal responses such as membrane protrusions (including lamellipodia or filopodia) that develop during adhesion and migration of various cells cultured over patterned surfaces. In the present study, we developed nanoscale pillars of specific dimensions over quartz substrates by laser interference lithography (LIL) and nanoimprinting technique for cell culture. 16 Baac et al., 17 Choi et al. 18 and Hamilton et al. 19 also applied LIL method, however, their final patterns were nanogroove or needle types not like our pillar type pattern. Human osteoblasts were cultured over the nanopatterns to investigate the cytoskeletal responses.
Experimental

Nanoscale pattern fabrication
A 10-cm quartz wafer was fragmented into 20 × 20 mm samples and coated with a Cr layer 500 Å in thickness and a photoresist of 1 μm thickness (SPR508, Shipley, USA). Nanoscale patterns were developed over the photoresist by two laser exposures in the interference state and nanoimprint technique. Figure 1 and Table 1 show the final features of the two nanopatterns obtained after the processes were complete. The detailed fabrication methods and graphically illustrated features are described in the supporting information.
Cell culture and immunohistochemistry
For living cell culture, nanopatterned glass samples were transferred to 6-well dishes, and sterilized by UV exposure for 5 min. Fibronectin was coated over samples for the formation of an extracellular matrix layer; a 1-h adsorption time was used. The dishes were washed twice with PBS (phosphate buffered saline). Human osteoblasts (hFOB 1.19) 20 were seeded at a concentration of 2 × 10 4 cells/mL, using DMEM (Dulbecco's Modified Eagle's Medium) culture medium (Gibco, USA), with Nuclei were immunostained with DAPI (4′6-diamidine-2′-phenylindole dihydrochloride) (Invitrogen, USA) at a dilution of 1:1000 for 5 min. After staining, cells were washed and observed under a fluorescent microscope.
Scanning electron microscopy and image analysis
After the removal of culture medium, cells were washed twice with PBS for 5 min (each wash). Next, cells were fixed in 2.5% (w/v) glutaraldehyde in PBS for 4 h and washed in PBS. Cells were exposed to OsO4 (1%, w/v) to prevent shrinkage of cell membranes during fixation. Dehydration was carried out by immersion of cells in alcohol solutions of 50, 70, 80, 90, 95, and 99% (v/v) for 20 min periods. Cells were immersed in t-butyl alcohol and kept in the refrigerator before lyophilization. Dried cells were observed using a scanning electron microscope after platinum coating.
For the quantification of cytoskeletal responses, digital images from four samples per pattern were captured. The numbers of filopodia protruding from cells were directly counted from captured SEM images using an image processing software. One-way ANOVA (Tukey HSD) test was used to compare among-sample statistical significance values (p < 0.05 was considered significant).
Results and Discussion
SEM images of cells growing over the flat control and nanopattern II are shown in Figs. 2a and 2b, respectively. Cytoskeletal behaviors are clearly observed. Although some parts of the cell bodies are missing due to over-drying during SEM imaging, they were kept inside the cells right before the sample preparation, because they can be identified in the results of DAPI immunostaining (Fig. 3) . In Fig. 2a , filopodia of the cells growing on a flat surface show random protrusion directions, while filopodia over the nanopatterned surface in Fig. 2b can be classified into several groups by protrusion directions. Within a group, the lengths of the filopodia are rather similar, and filopodial arrangement shows pattern adaptation. However, the filopodia of the flat control cells are of various lengths and are entangled. The average numbers of filopodia were counted on the cells over the two nanopatterns and over the flat surface. As shown in Fig. 2c , more filopodia were protruded from the cells over a flat surface. As indicated in Table 1 , the surface areas offered by the two nanopatterns are approximately 14.5 and 4.1% that of the original flat surface. Thus, it might be supposed that the filopodial protrusion was restricted by the shortage of adhesion area. Several hours after seeding, cells begin to move to find their neighbors required for colony formation 21 and eventually become elongated as shown in Fig. 2d (more examples are in the supporting information). In the figure, the length of the cell body is about 80 μm. Notably, the lengths of filopodia are longer than that of the cell body, a feature rarely found in control cells growing on a flat surface. It appears that the surface nanopattern has promoted the formation of longer cytoskeletal protrusions, which can be frequently found in the literature. 13, 22 In Fig. 3 , cells cultured over nanopatterns (Figs. 3a -3h ) and control cells grown on a flat surface (Figs. 3i -3l) were Originally designed values are shown; it is difficult to conduct accurate measurements. All dimensions were measured from the top surfaces of pillars, because the top surface area offers an opportunity for cell adhesion, on the assumption that the top surface area is sufficiently flat. The two pattern areas per unit surface area are calculated using top surface diameters and intervals. Judged from the pattern area per unit surface area calculation, nanopattern I is 3.5 times denser than is nanopattern II.
immunostained for actin and vinculin, and also stained with DAPI. It is clear that the cytoskeletons of the cells growing over nanopatterns are elongated in various directions (as marked by short arrows in Figs. 3a and 3e) compared with the control cells growing on a flat surface. The focal adhesions (identified by the presence of vinculin) of such cells were also located according to the changed cell shape. Figure 4 shows another interesting feature of filopodia. The cells in Figs. 4a -4b , 4c -4d, 4e -4g are located over a flat surface, nanopattern II, and nanopattern I, respectively. The three images of the right column and Fig. 4g are obtained from the tetragonals in the three images of the left column. The cell body in Fig. 4a is located over a surface where nanopatterns are accidentally missing. In Fig. 4e and 4f , some part of the filopodia is located over a pattern-missing area. In both sparse and dense nanopatterns, most of the filopodia are on the top surface of pillars. This means that filopodia react with or recognize the pillars in a certain manner (the mechanism is still unknown) and crawl from one top to another top of pillars. In Figs. 4b and 4f , the thickness of a filopodium of a cell located over a pattern-missing area is uniform from the stem to the end tip; this can be observed also in Fig. 4d , where the cell body is located over nanopattern II. However, filopodia in Fig. 4e growing over the dense nanopattern I are broadly distributed, and do not show the uniform filopodial directionality shown by cells growing over nanopattern II. It is as if the cells cannot find a suitable growth direction. In addition, the relatively very long filopodia are seen to navigate irregularly, and have shovel-like tips, as if the tips were expanded. This peculiar feature of cells over nanopatterns was not observed or possibly was ignored. The inset of Fig. 4g shows a magnification of one of these tips. A similar feature is observed in several filopodial stem regions, where the expansions seem to function as turning points of the growing filopodia.
Only cells growing over the dense nanopattern I showed this phenomenon. Mattila and Lappalainen reported the transformation of filopodia morphology of a neuronal cell from needle shape to an expanded shape like a mushroom. 6 The responses of a cell growing over the dense nanopattern I (Figs. 4e and 4g ): (1) the lack of filopodial grouping, (2) the formation of filopodia with several turning points and shovel-like end-tips and (3) the formation of long filopodia, seemed to be related to the ratio of the pillar surface area to the pattern interval and the diameter of a filopodium. The ratios of nanopatterns I and II are 0.754 and 0.296, respectively. That is, the chance to meet next pillar for a filopodium is 2.55 times higher for nanopattern I than for nanopattern II. It was known that the diameters of filopodia range from about 100 to 300 nm. 23 We also measured the diameters from our control samples using an image processing software and the results were around 100 nm. Therefore, we think that a crawling filopodium has higher probabability of encountering more than one pillar at a time over nanopattern I. This may cause complexity in the reaction of filopodia with the pillars and might cause the characteristic responses in dense nanopattern I.
As shown in the above figures, it is clear that cells recognize some surface micro-or nano-structures over which they are loaded. On the microscale, a principal aim has been to guide cells in desired directions by mechanical means. 24 Cells moved following microtracks or even adapted their shapes to conform to micropatterns. 25 As mentioned in our previous study, 26 filopodia will contribute to cell motility by functioning as a kind of antenna detecting cell surroundings. However, in nanoscale, topographical guidance is rather related to the promotion of biological activities including various aspects of signal induction, and efficient transfer via cell adaptation to nanostructured surfaces. 27 Such differences may originate from the patterning of coated extracellular matrices.
On the assumption that the coated extracellular matrix is uniform, the extracellular matrix over micropatterns will be recognized as continuous by cells no matter what kinds of micropatterns are applied, whereas the extracellular matrix coated over nanopatterns will be recognized as patterned also in nanoscale. The extracellular matrix will affect (a) the distribution of integrins, 28, 29 (b) focal adhesions, (c) the internal actin cytoskeleton and (d) membrane protrusions. Filopodia are known to be initiated inside lamellipodia by actin polymerization.
Actin polymerization consumes energy provided by an ATP/ADP exchange process. 30 Filopodia will consume energy during protrusion and extension. Therefore, if a nanopattern restricts the number of filopodial protrusions, relatively less energy will be consumed. It follows that cell migration over nanopatterns may be regarded as more energetically favorable than migration over a flat surface. Therefore, by careful control of pattern dimensions, the motility of living cells can be guided for some biological intentions.
Conclusions
The topographical guidance phenomenon was investigated using human osteoblasts cultured over two nanopatterns, with different densities (dense pattern and sparse pattern), fabricated by laser interference lithography and a nanoimprinting technique. Among various cellular responses to the nanopatterns, cytoskeletal behavior, especially filopodial protrusion and extension, were explored. Over a sparse nanopattern, cells showed high directionality of filopodial extension; the filopodia were of similar lengths. Good pattern adaptation was noted, even though fewer filopodia were formed than were seen in control cells growing on a flat surface. However, cells growing over the dense nanopattern showed different features including the lack of filopodial grouping, the formation of filopodia with several turning points and the formation of shovel-like end-tips, as if the cells were unable to find suitable migration paths. We think the ratio of the pillar surface area to the pattern interval may be as crucial as the patterned extracellular matrix. 
